Abstract
saccades. In the present study we have compared the influence of two types of reflex blinks on the 26 trajectories and kinematics of memory-guided saccades in human subjects. We found that electrical 27 stimulation of the supra-orbital nerve shortly before or during a saccade briefly halts or decelerates the 28 eye in mid-flight. Following this short interruption, the eye always resumed its course and reached the 29 target location in the absence of visual feedback. Air puff stimuli produced significant decreases in 30 mean eye velocity too, but in addition to these changes in saccade kinematics, they produced much 31 larger and more variable perturbations of the 2D saccade trajectories. Even so, the endpoints of blink-32 perturbed saccades obtained under both test conditions remained as accurate and as precise as those 33 observed in the control condition. We hypothesize that the reduction in mean eye velocity is not due 34 to a trigeminal reactivation of brainstem omnipause neurons, but could instead arise from a trigeminal Only minimal differences were found in these studies despite altered saccade kinematics in the 61 blinking condition. Unfortunately, the advance provided by these findings is somewhat limited by 62 several factors: 1) the target locations were highly predictable in these studies because subjects made 63 self-paced saccades between two stationary targets, 2) visual feedback could be used as targets 64 remained visible, and 3) saccade metrics were evaluated in only one dimension (amplitude). The first 65 objective of our present study with human subjects is therefore to quantify the effect of blinking on 66 saccades in two dimensions under unpredictable, open loop test conditions (i.e., when visual feedback 67 is absent). 68 Blinks affect saccadic eye movements via changes in the central premotor commands to the 69 oculomotor neurons rather than through mechanical interference between the eye and eyelid. For 70 example, there is evidence that blinks influence the activity of saccadic burst neurons in the 4 Goossens, 2008). However, the discharge patterns of saccade-related SC neurons do not reflect the 79 blink-induced curvature of the saccade trajectory. Behaviorally, the actual curved movements can be 80 described as the resultant of two superimposed movements: 1) a slow but straight goal-directed 81 saccade, and 2) a pure blink-related eye movement (Goossens and Van Opstal, 2000a) . As illustrated 82 in Fig. 1 , we hypothesized that this superposition could occur at the level of the brainstem saccade 83 generator because burst cells in the pontine reticular formation that fire for saccades are also active for 84 blink-related eye movements (Cohen and Henn, 1972; Mays and Morrisse, 1995) , while SC cells do 85 not fire for the latter movements (Goossens and Van Opstal, 2000b investigate this latter hypothesis by using different types of blink-evoking stimuli.
99
In the first set of experiments we used air-puff stimuli, and in the second set we applied 100 electrical stimulation of the supra-orbital nerve. We report that saccade accuracy and precision were 101 well preserved in two dimensions, even though the evoked blinks produced robust decreases in 102 saccade velocity for both stimulus types. However, we found a remarkable difference between the 103 resulting trajectory perturbations. Where air puff stimuli produced strongly curved eye movements, 104 electrical stimulation of the supra-orbital nerve produced a transient interruption of the saccade 105 without altering its 2D trajectory. We argue that these findings support the theory (Fig. 1 ) that there 106 are at least two distinct sites at which the blinking system interacts with the saccadic system. 
Methods

110
Subjects
111
Four healthy participants (between 21 and 40 years of age) volunteered and gave informed consent 112 before participating in the experiments. None of the subjects suffered from known visual, vestibular, 113 or oculomotor disorders, except for subject JO (one of the authors) who is amblyopic in his right eye.
114
All procedures were approved by the Radboud University Medical Centre Nijmegen.
115
Experimental setup 116 EXPERIMENTAL CONDITIONS. Subjects were seated in a chair facing a spherical array (radius 85 cm) 117 of light-emitting diodes (LEDs) in an otherwise completely dark, sound-attenuated room (3×3×3 m).
118
The LEDs (0.2° diameter as viewed by the subject) were mounted at seven eccentricities, R = [0, 2, 5, To estimate the amplitude of blinks in perturbation trials, data from control and perturbation trials 243 were first aligned with the onset of the eye movement. 
The new horizontal coordinate, X , aligns with the mean displacement vector of control saccades, but note that no assumption is made about the shape of the trajectory. The path undulation index is 270 equally sensitive, for example, to perturbations resulting in parallel back and forth moments (e.g., 271 vertical movements in Fig. 3A) as it is to perturbations that result in hooked or curved movements. In 272 this respect, our path undulation index differs from earlier curvature measures in the literature (e.g., 273 Van Gisbergen et al., 1985) . 274 To measure the initial eye excursion associated with blinks during fixation, we first calculated 275 the duration, d, of the downward motion phase of the eyelid. We then determined the maximum radial 276 displacement of the eye during a time window that ranged from blink onset until 1.5×d milliseconds 277 after blink onset.
Results
279
Blinks during straight-ahead fixation 280 In the fixation paradigm, we applied electrical stimulation to the supra-orbital nerve, or brief puffs of 281 air on the eye while the subject tried to maintain fixation on the central LED. As is shown in Fig. 2A   282 for one of our subjects (JG), electrical stimulation of the supra-orbital nerve elicited blinks as well eye 283 movements (gray). The air puff stimuli also evoked blinks that were accompanied by back and forth Table 1 ). Note that the slopes of the regression 291 lines were significantly less than zero in all four subjects tested (t-test, p<0.05). Taking this   292 relationship into account, the latencies of air-puff and shock-evoked blinks were not significantly 293 different ( Fig. 2B ; t-test, p>0.05). Larger blinks were also associated with larger movements of the 294 eye (Fig. 2C) . Under both stimulus conditions the radial amplitude of the initial eye displacement 295 ranged between about 0.1° and 6°. However, for blinks of similar magnitude, the amplitudes of eye 296 movements evoked by air-puff stimuli (black) were typically larger than the amplitudes of eye 297 movements evoked by electrical stimulation of the supra-orbital nerve (gray; t-test, p<0.001). For 298 these larger blinks, the return phase of the eye movement often carried the eye across its starting 299 position, resulting in a biphasic eye movement (Fig. 2A) . The relationship between the amplitudes of 300 eye and eyelid movements evoked by electrical stimulation was quantified with linear regression 301 (dashed line Fig. 2C ). As one can see in Table 2 , slopes of the regression lines were significantly 302 larger than zero in all four subjects tested (t-test, p<<0.0001). 
Perturbation of saccades by reflex blinks
306
In the blink-perturbation paradigm, saccades were elicited toward briefly-flashed targets at different 307 locations, while reflex blinks were evoked near saccade onset. The evoked blinks produced robust 308 changes in the saccadic eye movements of all subjects. Figure 3 shows the results that were obtained 309 in one of our subjects (JG) when the blinks were evoked by air-puff stimuli (Fig. 3, A and C) and 310 when the blinks were evoked by electrical stimulation of the supra-orbital nerve (Fig. 3, B and D) . Fig. 3A) were typically hooked as a result of the downward deflections, and they were much 317 more variable than the nearly straight trajectories of corresponding control saccades (black, Fig. 3A) . Figs. 4A and 5A ). In fact, we found no significant differences in the precision of 377 saccades in any of our subjects (t-tests, p>0.05). Figure 7A compares the peak velocity of individual saccades in the 383 perturbation trials to the average peak velocity of control saccades towards the same target locations. 13 Linear regression analysis applied to these data showed a significant (t-test, p<0.001) reduction in the 385 peak velocity of saccades when the blinks were evoked by air puff stimuli (black) and when the blinks 386 were evoked by electrical stimulation of the supra-orbital nerve (gray). Note, however, that there was 387 considerable variability in the perturbed responses, and that there were many saccades whose peak 388 velocity actually exceeded the average peak velocity of corresponding control saccades. Accordingly, 389 the average reduction in peak eye velocity was only 3.2±0.6 % (mean ± SEM). As shown in Fig. 7B,   390 an alternative velocity parameter, namely the mean eye velocity (see Methods), reflected the 391 attenuations in eye velocity such as those observed, e.g., in the perturbation trials of Fig. 3, much   392 better. Note that the vast majority of data points in end-point errors showed no systematic relation to the blink magnitude (Fig. 8A) Interestingly, the pattern of gaze perturbations for reflex blinks during fixation (Fig. 2) 
484
indicates that the differential effects of air-puff versus shock-evoked blinks can be explained by 485 quantitative differences in blink-related eye movements, when it is assumed that these movements are 486 added on to slow, but otherwise straight, saccades (Fig. 1) . During fixation, both air-puff and shock- electrical stimulation is applied to the OPN region (Keller et al., 1996 
